Biofilms represent negative and positive attributes in the industries. Biofilm is a functional consortium of microorganisms attached to either biotic or abiotic surfaces and embedded under the extracellular polymeric substances (EPS). Spoilage and pathogenic microorganisms can develop biofilms on food industrial surfaces that can lead to food spoilage and disease transmission when the inappropriate clean up and control have been applied in the food industies. However, single and mixed species of microbial biofilms also represent tremendous advantages in bioprocesses and waste treatments. Biofilm reactors have been employed in order to improve the productivities, stability of the processes and reduce the production cost. To understand biofilm, numerous direct and indirect experimental approaches have been used to study the biofilms. Molecular genetics approaches have led to study on the process of biofilm development in order to understand its genetic regulations.
INTRODUCTION
Biofilm phenomenon is highly found in natural environment in which microorganism prefer to live on any available surfaces rather than living in the form of planktonic cells (free cell) in liquid phase . Microorganism living in biofilm form is more beneficial for cell growth and survival under the protected environment. In addition, biofilm facilitates the accessing to the limited nutrient in the nature. Biofilm can be defined as single species or community of microorganisms that attached to a biotic or abiotic surface and are embedded under extracellular polymeric substances (EPS). Most often, mixed microbial species composed of biofilms are found in natural settings, however, single microbial species do form biofilms on food process equipment and medical equipment. Biofilm of pathogenic microorganisms create the hygienic problem in food industry, medical implants and medical equipments which lead to the disease transmissions (Wong, 1998) . In general, microorganisms are thought to initiate biofilm development in response to various environmental signals, such as nutrient availability, temperature, osmolarity, pH, iron and oxygen concentration (O'Toole and Kolter, 1998; O'Toole et al., 2000a, b) . Bacteria in biofilms are generally more tolerant to exposure to UV light, display increased rates of genetic exchange, enhance in production of secondary metabolites and promote more efficient biodegradation (Moller et al., 1998) . Biofilms represent biological systems with high level of organization where bacteria form structured, coordinated and functional communities.
Microbial biofilm in nature plays a significant role in the production and degradation of organic matter since the bacterial community can have compartmentalized capabilities to carry out many complex metabolic processes within the biofilm communities. Biofilm represents some positive and negative attributes in the industries as discuss in this paper. Therefore, it is necessary to understand biofilm developmental process in detail using the direct, indirect methods and genetic approaches. 
WHAT IS BIOFILM AND HOW DO BIOFILM DEVELOP?
Pseudomonas aeruginosa has emerged as the most studied single species biofilm model for Gram negative bacteria. Apart from Pseudomonas aeruginosa, Pseudomonas fluorescens, Escherichia coli have also studied in detail Staphylococcus epidermidis, Staphylococcus aureus and Listeria monocytogenes are among the gram positive bacteria that have been studied lately (Gotz, 2002; Todhanakasem and Young, 2008) . These studies provided the principle idea to indicate that biofilm development generally has 4 major stages ( Figure 1 ); 1) individual planktonic cells (free cells) initially attach to a biotic or abiotic surface, 2) formation of microcolonies 3) maturation of biofilm quaternary structure and 4) detachment of individual cells that return to the planktonic stage.
Initial attachment
In the initial attachment, early studies suggested that the overall bacteria surface charge influence on the bacterial colonization (Costerton et al., 1995) . However, this idea turned out to be too simplistic because bacterial surfaces are heterogenous and consist of many components including temporary expressed surface polysaccharides and proteins. The expressions of these often changes in response to the environmental signals that induce the biofilm development. The production and activity of cell surface components may be regulated by cell regulatory systems and genetic networks responding to environmental cues. For example, the switch in lipopolysaccharide (LPS) type A and B band in P. aeruginosa is influenced by the type of surface material available. This change shifts the bacterium's ability to interact with either a hydrophobic or hydrophilic surface.
In P. aeruginosa and most of the biofilm studied microorganisms, flagella and type IV pili play important roles in initial attachment (Burrows et al., 2003) . Flagella facilitate the swimming and scanning for an appropriate location for initial contact. Type IV pili play an important role in the movement along the surface and forming group structure by developing the cells piling up on top of each other (O'Toole et al., 2007) . E. coli also requires flagellum mediated motility to initiate early attachment and cell spread across a surface (Pratt and Kolter, 1998) . Flagella mediated motility also is found to be important to facilitate cell spread out across the surface in Vibrio cholera . Thus, it appears that flagella function in many bacteria to promote the initial attachment but may not be required for the downstream development process. Consistent with this conclusion, defective in flagellar and pili function of V. cholerae and E. coli only caused delay in biofilm formation.
However, beside flagella and pili play important roles in initial attachment, also surface proteins, extracellular proteins and capsular polysaccharide play important role in cell-surface interactions during the initial attachment process. Other outer membrane proteins also reported to be involved in the biofilm development including gene slp encoding an outer membrane lipoprotein in E. coli that was also found to be involved in the initial step of biofilm formation on abiotic surfaces. The alteration of surface protein expression was also found in E. coli during the initial attachment step (Otto and Silhavy, 2002) .
Microcolony formation
The step after the cell surface interaction, the microorganisms usually undergo population outgrowth where cell-cell interactions and formation of cell aggregates on the surface accumulation leading to a massive increase in biomass. The surface attached bacteria increase the synthesis of EPS which mainly composes of polysaccharides, proteins (including extracellular enzymes), nucleic acids (DNA, RNA) and other substances. EPS facilitates the bacteria to live effectively in the biofilm mode of growth. The biofilm feature with EPS appears to create a protective environment including increase in antibiotic resistance, increase rates of genetic exchange for evolution, increase metabolic activities in the bacterial community and increase secondary metabolite production. EPS also assists to capture the nutrients to feed the cells underneath the biofilm especially under the starvation condition (Angles et al., 1993; Hassett et al., 1999) . The EPS is a major component that protects microorganisms against UV, antibacterial agents, disinfectants, heat and drying.
Maturation of the biofilm
A mature biofilm structure is porous with capillary water channels that allow water, oxygen and nutrient distribution needed for the growth of cells which are embedded under EPS. Therefore, porous structure is a crucial part of biofilm structure and function. EPS is a major component that facilitates the stability of mature biofilm architecture on the substratum. EPS has been reported to (De Beer et al., 1994; Suci et al., 1994) play an important role in the stage of mature biofilm formation as in P. aeruginosa and E. coli. Different type of microorganisms has different compositions of EPS. Alginate has been implied as a major component of EPS in P. aeruginosa. The gene encode for alginate synthesis (algC) is induced immediately after the bacteria attach to the surface. There is a report on the link in the down regulation of flagellum synthesis and the up-regulation of alginate synthesis in P. aeruginosa (Gacesa, 1998; . However, the evidence of the regulation between flagella and alginate is reasonable since when bacterial cells adjust to an immobile life on a surface, the probably lose their flagella and increase the production of EPS that requires alginate as a major component when they form the mature biofilm.
Communication signals like a quorum sensing additionally play a major role in controlling biofilm maturation stage. In P. aeruginosa, quorum sensing molecules derived acylhomoserine lactones (acyl-HSLs) are required for biofilm maturation (Davies et al., 1998; Stickler et al., 1998) . A mutation in gene encodes for the synthesis of acylhomoserine lactones was captured in the early cell surface interaction without the development of the mature biofilm architecture. The signal is believed to be function as bacterial communication for the bacterial attachment and group together. However, the signal also plays a role in bacterial contact inhibition once cell attachments are more crowded. The quorum sensing inhibitor compounds were found to inhibit the mature biofilm formation since they interrupted cell to cell communication signals (Davies et al., 1998) .
Detachment
Biological and physical phenomena are believed to be involved in the detachment process. The bacterial growth rate and substrate utilization are found to control Todhanakasem 1627 detachment frequency especially under the starvation of the old mature biofilm. The low efficiency of mass transfer to the bacteria deep inside the old mature biofilm causes the selective detachment. As in P. aeruginosa, the formation of pore, channel and dispersion were found during the detachment stage (Sauer et al., 2002) . The detachment process was believed to occur in order to maintain the internal porosity within the biofilm to increase the overall mass transfer to feed the bacteria inside the biofilm. The biological mechanism of the bacterial cell that facilitates detachment such as the enzyme alginate lyase was reported but there are likely to be other factors. Nonetheless, the overexpression of alginate lyase could speed up the detachment process of the mature biofilm in P. aeruginosa (Boyd and Chakrabarty, 1994) . Streptococcus mutans has its own protease that cleaves its own surface proteins which would serve as a mechanism to release the bacteria from the biofilm (Lee et al., 1996) . In P. aeruginosa, flagella seem to play an important role in detachment process. A high amount of motile bacterial cells was observed during the dispersion (Sauer et al., 2002) . In physical terms, the detachment of biofilm partly can occur when external forces exceed the internal strength especially when the biofilm thickness is increased over the time. The increased in biofilm thickness can reduce the stability in biofilm structure exposing it to shear forces.
DELETERIOUS EFFECTS OF BIOFILM IN THE INDUSTRY
Microbial colonization and embedded under extracellular polymeric substance (EPS) called biofilm has been widely found in the food industry. Biofilm formation can be found in all type of microbes which can lead to serious hygiene problems, economical losses due to the food spoilage and equipment impairment. The biofilm is probably forms by single species or mixed species of microbes. If the biofilm forms by spoilage or pathogenic microorganisms in the food industry, it will create serious problems which can cause the cross contamination to the food (Wong, 1998) . Outbreaks of pathogens associated with biofilms have been related to the presence of Listeria monocytogenes, Yersinia enterocolitica, Campylobacter jejuni, Salmonella spp., Staphylococcus spp. and Escherichia coli O157:H7 (Somers and Wong, 2004; Lapidot et al., 2006) . Microorganisms in biofilms are also able to catalyze chemical and biological reactions causing metal corrosion, reduce heat transfer efficiency of heat exchangers and pipelines. Biofilm formation in the pipe reduces the liquid flow rate, heat transmission efficiency and pipe corrosion in terms of acid production from the bacterial consortium in the biofilm. Biofilm commonly contaminate industrial pipelines, food contact surfaces, floors when the inappropriate sanitizing has been applied in the industrial cleaning up since the biofilm can develop on various kinds of surface materials such as rubber, plastic, aluminium and stainless steel etc (Chae and Schraft, 2000) . Biofilm formation also tends to increase with the hydrophobicity of the surface materials rather than hydrophilic materials. In the dead zone like crack, corner, joint and gasket are places where the remaining of the biofilm are probably found after the inappropriate cleaning. The protective environment of the mature biofilm in which the EPS is massively developed leads to the more tolerant to many stresses including the disinfectants or sanitizers than the free floating cells or planktonic cells (Gilbert et al., 2001 ). The biofilm formations of foodborne pathogens can cause the disease transmission especially in the detachment stage. Meat, dairy and poultry industries are the principal reservoirs of Salmonella, Campylobacter, Listeria, Yersinia enterocolitica and Staphylococcus aureus worldwide that mediate the disease transmission to the consumers when the products are inappropriately cooked (Farber and Peterkin, 1991; Dewanti and Wong, 1995; Kim et al., 2008) . However, the formation of biofilm in the industry can take from several days to weeks therefore, the effective cleaning methods should be applied at the first place before the mature biofilm is developed as the older the biofilm age, the harder to be eliminated. Figure 2 represents the biofilm development of Salmonella typhimurium on polyvinyl chloride as a representative for hydrophobic surface after 3 days inoculation time. On day 1, the individual cells started to attach on the surface in which EPS started to develop on day 2. Once EPS develops, the biofilm was hardly to be eliminated by sanitizing agents (Todhanakasem, 2010) .
BIOFILM CONTROL STRATEGY
Since biofilms create problems in various food industrial sectors such as brewing, dairy processing, fresh produce, poultry processing and red meat processing, thus many biofilm control strategies have been risen up. Biofilm mode of life leads to increased resistance to antimicrobial compounds which has made the elimination from food processing facility becomes more challenge. In order to provide the effective control of undesirable biofilm, the understanding of the type of microbial biofilm need to be known before performing the sanitation process. The formation of biofilm can be prior avoided by choosing the correct materials and performing the appropriate cleaning methods at the first place. Also, the equipment design should not contain any fault exist sanitation like dead spaces, crevices, corners, cracks, gaskets, valves and joints which are vulnerable area for biofilm accumulation.
In the elimination of bioiflm, the combinations of physical and chemical methods need to be applied in the cleaning up process. The physical methods that have been applied include super high magnetic fields, mechanical grinding, ultrasound treatment, high pulsed electrical fields, brushing with high pressure (Okuno, 1993; Pothakamury, 1996; Qian, 1997) . Brushing with high pressure with stream is one of the effective methods. Chemical such as chlorine, lauricidin, hydrogen peroxide, chlorinated alkaline detergent, peracetic acid and iodine have been widely used for the industrial clean up (Carpentier and Cerf, 1993) . However, the disinfectant resistances are found to be directly proportional to the thickness of 3-dimensional structure of biofilm and the resistance is lost as soon as the biofilm structure is disrupted (Cerf, 1993) . The inappropriate concentration of the disinfectants or ineffective cleaning are also found to develop more resistant of the biofilm against the cleaning agents (Hood, 1995) . The physical treatment prior the chemical treatment has been found to be the most effective since the detachment of the biofilm from the physical treatment make it more sensitive to the disinfectants or antimicrobial compounds. Generally, disinfectants do not penetrate the biofilm matrix. Therefore, cleaning is the first step and the most important step to improve the sanitation of the processing equipment. Recently, biological treatment like the utilization of enzyme has been emerged as an alternative cleaning method as green chemicals. Enzymes have been used to hydrolyze EPS matrix (Potthoff, 1997) . As EPS composes of heterogeneity of compounds, therefore the specific type or mixture of enzymes may be required in order to provide the effective cleaning. The combination of proteolytic enzymes with surfactants was found to enhance the efficiency of cleaning on Bacillus spp. Biofilms (Parkar et al., 2004) . Biosurfactants produced from the microbes were also found to impair biofilm forming abilities. Biosurfactants produced by Lactococcus lactis impaired biofilm formation on silicone rubber (Rodrigues et al., 2004) . Surfactin from Bacillus subtilis was found to disrupt biofilm without affecting cell growth and prevent biofilm formation of Salmonella enteric and E. coli (Mireles et al., 2001) . Microbial molecules like nisin, reuterin and pediocin have been reported on their abilities to control biofilm formation by L. monocytogenes (Dufour et al., 2004) . However, the use of biological control is not a cost effective method in comparison to the chemical used.
As chemical disinfectants have been widely used to eliminate biofilms, the properties of the chemical have been concerned based on effectiveness, safety, easily apply, easily rinsed off from surfaces, leaving no toxic residues that can affect the health properties and sensory values of the final products. In the past, efficiencies of biological and chemical disinfectants were previously tested on planktonic (free cell) rather than biofilm mode of growth. Biofilms have been reported to be 100-1000 times resistant to disinfectants (Gilbert et al., 2002) . Thus, in order to identify the efficiency of disinfectant in the elimination of biofilm must be evaluated in the biofilm mode of growth. The new prospective control has been focused on the use of quorum sensing inhibitory compound as it has been known that quorum sensing is essential for mature biofilm formation. Thus quorum sensing inhibitory compounds may represent a significant impact on biofilm formation (Dong et al., 2002) .
Biofilm prevention should be performed together with biofilm elimination. The main strategy to prevent biofilm is to clean and disinfect regularly before bacteria attach firmly to surfaces. The cleaning in the short time interval would be highly recommended as the most effective method to eliminate the biofilm since the elimination would be performed at the earlier stage of the biofilm development in which the EPS is less and disinfectant is accessible to kill the microbes underneath the biofilm. Other attempts are to identify materials that do not promote or even suppress biofilm formation. The coating, painting walls, ceiling and floor with antimicrobial agents have been applied. The impregnation of surface material with biocides or antimicrobials also plays an important role in minimizing the bacterial colonization or modifying the surface physicochemical properties (Rogers et al., 1995; Rosmaninho, 2007) . Coating surfaces with silver also found to inhibit biofilm formations (Klueh et al., 2000) . Non-ionic and anionic surfactants were evaluated to prevent the bacterial adhesion on stainless steel and glass surfaces which gave more than 90% inhibition of adhesion ( (Meylheuc et al., 2006) .
ADVANTAGES OF BIOFILM IN THE INDUSTRY
Biofilms represent great benefits in biotechnology industries because of their self-immobilization with high concentration of biomass within EPS that provide the high resistance to toxic compounds, long term activity which all facilitate continuous process with the high stability. Biofilm reactor can be set as continuous reactor operated with more cost effectiveness than batch process of free cell because of the reduction in reactor preparation, cell growth and product recovery. Biofilm reactors represent the significant advantage where in the reactor capacity obtained by using free cells is limited by biomass concentration. Therefore, biofilm reactor has been considered to be used in the industry for various economic reasons. Biofilms of bacteria, fungi and their enzyme products can act as biocatalysts to provide high specificity productions under the mild condition. Various biofilm processes have been implemented commercially with the great success over the last few decades (Qureshi et al., 2005) . Biofilms have been used in the food sector in the productions of various value added product organic acid (acetic acid, lactic acid, succinic acid and fumaric acid), polysaccharide, ethanol, butanol.
Many microorganisms are capable to develop single species biofilm that are applicable for bioprocess. Mostly the biofilm can be form spontaneously under suitable condition specific for each microbe. Biofilm growth in a multi-stage process involving initial cell attachment to a solid surface and follow by surface adhesion by selfproduced EPS. Surface properties play an important role in the cell attachment (Goller and Romeo, 2008) . The primary method used for cell immobilization is organism entrapment within polymers such as calcium alginate, -carrageenan and membrane. Recently, self-immobilized cells and cells that grow as aggregates without the addition of any polymers or cross-linking chemical have been used as biofilm reactors. Biofilm in the fermentation processes can be maintained in the reactor as biofilm reactor in which the cell recycle can be processed without the need for re-inoculation of the culture. The reactors can be manipulated in variety of configurations including batch, repeated batch, continuous stirred tank, fluidized bed, airlift. In order to use biofilm reactor, it is necessary to identify whether the desirable microorganism using in the process can develop biofilm on the supporter otherwise, biofilm reactor cannot be applied for the bioconversion. Mostly single species biofilm has been widely used in the production (Qureshi et al., 2005) .
Biofilm reactors have not yet been used commercially for the production of value added compounds even though of laboratory scale studies have been conducted lately (Qureshi et al., 2005) . Biofilm reactors have been applied for the conversion of agricultural materials such as starch, sugars and glycerol to various alcohol such as ethanol, butanol, 2,3-butanediol) or even organic acids such as acetic acid, fumaric acid and citric acid). Zymomonas mobilis biofilm has been efficiently used for ethanol production in polypropylene packed bed reactor in which the production rate was 536 gL was obtained from continuous free cell culture (Kunduru and Pometto, 1996) . Acetic acid bacterial biofilm was grown on beechwood shaving that was used to convert ethanol to vinegar to produce final acetic acid concentration of 120 gL -1 had been obtained through the biofilm packed bed process (Qureshi et al., 2005) . Biofilm packed bed reactor of Lactococcus lactis on cotton fabric was applied to produce nisin (Liu, 2005) . Biofilm processes involving toxic compounds in the substrate have been recently focused, Z. mobilis biofilm was found to be tolerated to toxic substrate benzaldehyde than free cells in continuous biofilm reactor (Li et al., 2006) . The fluidized bed biofilm reactor (FBBR) have been effectively used more than two decades for treating industrial wastewater in which the biofilm was found to be more resistant to the toxic chemical in the waste than free cells (LaPara et al., 2001) .
Even though, biofilm reactors have been shown to be effectively produced desirable products with the high productivities, the barriers of using biofilm reactors also be found. The excessive sloughing of EPS can lead to the difficulties for downstream processing and product purification. The excessive growth of cell with the thick layer of biofilm can cause the blockage of the process in which the mixing is not optimized and leads to the reduction of the reactor efficiency. Inside the mature biofilm, the variation in the physiological state and limitation results in the concentration gradients of substrate uptake and waste compounds within biofilm (Stewart and Franklin, 2008) . The thick layer of the biofilm also creates the limitation in substrate and oxygen diffusions mostly to the inner most of the microbes living in the biofilm layer (Stewart, 2003) . Thus substrate uptake and utilization as well as product purity and recovery might be affected with consequently effects on the productivity and yield of biofilm processes. In the aerobic wastewater system the dissolve oxygen amount must be sufficiently supplied to feed the culture in the inner part of the biofilm layer when the mature biofilm is developed in order to maintain the process efficiency (Nicolella et al., 2000) . Apart from the oxygen and substrate that hardly diffuse to feed the microbes in the inner part of the biofilm, the product itself also does not efficiently diffuse out of the thick biofilm layer in which the product toxicity probably occur to kill the cells underneath the biofilm and limit the production. Therefore, the appropriate reactor design can be used to control the biomass accumulation and improve the mass transfer efficiency such as fluidized bed reactor (Qureshi et al., 2005) . Quorum sensing affects various aspect of biofilm developmental process including its dispersion. Other factors such as shear forces, nutrient availability and cell density have been suggest as triggering factors for biofilm dispersion (Spormann, 2008) . If these mechanisms are clearly understood, the control process to inhibit the excessive biofilm development which impedes the bioprocess efficiency might be able to process in order to enhance the productivity and facilitate the industrial clean up. The variation in the biofilm dynamic life cycle also has been found to be a cause of the fluctuation in the amount of active biomass within the reactor thus it affects the productivity. Despite the minor negative effects of the biofilm reactor, many previous works have been shown that biofilm reactor still provides the higher productivity than the free cell reactor or suspended cell reactors.
TECHNICAL APPROACHES TO STUDY BIOFILM FORMATION
The preliminary requirement to understand, prevent, regulate and control of biofilm in the industry is to monitor the biofilm developmental process in either qualitative or quantitative determinations. There are various indirect and direct methods that have been used to study biofilm formation. Many indirect methods can be employed to study on the biofilm formation on food contact surfaces on sites such as swabbing, rinsing and agar contact methods and quantitatively studied on the number of adherent bacterial cells. This approach has been further done by standard plate counting. This conventional plating is a labour intensive method and slow (Donlan and Costerton, 2002) . Biofilm forming abilities of many microbes were tested on variety of surfaces using coupons including glass, plastic and stainless steel and plate counting. However, many microorganisms in the biofilm are possibly subjected to the stress which renders the microbes to be non-culturable (Chae and Schraft, 2000) . Therefore, the inaccurate data is probably obtained with this method.
The microscopic method especially scanning electron microscopy was commonly used to observe the biofilm in the past. Recently, environmental scanning electron microscopy in which the sample can be visualized without the needed of dehydration, fixation and staining has been emerged to study on the biofilm formation in the food contact surface. However, the obstacle is arisen on the study of biofilm around the dead zone where it is hard to get access (Leriche, 1995) . Microscopy techniques have been used as a way to directly visualize biofilm development. Fluorescence microscopy, scanning electron microscopy (SEM), brightfield microscopy and confocal laser scanning microscopy have been widely Figure 3 . The dynamic flow cell system. Flow cells are composed of parallel multiple channels which allow cells to grow under continuous feeding of fresh media from the media bottle and the effluent from the flow cell chamber is collected in effluent bottle. The bubble traps is used to eliminate out all bubbles that will disrupt the biofilm formation in the flow cell chamber.
used to study biofilm structure and to define the steps of biofilm development (Chae and Schraft, 2000) . Mostly in the past, the microscopy procedures have given limited insight when the specimens need to be stained or chemically treated before observing samples (Marsh et al., 2003) . These procedures cause the real structure of biofilm structure to be distorted. Therefore, the idea of continuous nondestructive monitoring of biofilm process was risen up in which this technique is applicable to monitor the biofilm sample in the aqueous system without the requirement for the sample removal and monitoring the biofilm in the real time. With the technique, it should be noninvasive and minimize interferences from microorganisms in the bulk phase. The combination of microscopic study and flow cell system has been risen up to overcome these problems. This system provides the condition to study on the fully hydrated biofilm architecture at a real-time system in which mimics the natural environment (Figure 3 ) (Heydorn and Zottola, 2000) . The system facilitates biofilm study without interruption during the experimental period which can be days to weeks. The system contains a vessel with influx and effluent ports through which fresh growth medium is continuously pumped under the laminar flow condition. The bacterial culture is inoculated into the flow cell and after a certain time, fresh sterile medium is pumped through the vessels and the biofilm is allowed to develop over a time. This system closely mimics the conditions under which bacterial biofilms form in some natural environment. The flow cell system is normally mounted on any type of microscope where you can observe the biofilm development without disturbing the culture system along the processing time. If the system is mounted with confocal laser scanned microscopy, then the biofilm three dimensional structures can be observed.
Spectrochemical techniques based on light intensity from absorbed, scattered and/ or emitted in depending on the amount of biofilm or biomass have been utilized for quantitative assay of biofilm. The analysis has been done by variety of radiation signals including gramma-ray, Xrays, ultraviolet, infrared and fluorescence or even naturally produced bioluminescence (Stewart and Williams, 1992) . Bioluminescence of Vibrio harveyi biofilm in the flow cell system was used to facilitate the evaluation on the toxicity of antifouling coating on the biofilm forming ability (Arrage, 1995) . The attachment of Eschericia coli K12 was also evaluated by having lux gene reporter plasmid transferred to E. coli and the attachment rate was referred to the intensity of light (Denyer et al., 1991) .
Electrochemical techniques using electrode as probe typically less than 20 µm tip diameter to monitor cell metabolisms based on the concentration of chemicals including oxygen, pH, glucose as general references. Microelectrodes respond to interferences and signal drift by submerging the probe into the biofilm system that need to be analyzed. For example, the used of microelectrodes to probe the metabolic activities within the biofilm of Bacillus laevolacticus (de Boer et al., 1993) . However, a single analytical technique is hardly to explain the whole system of biofilm formation.
Over the past decades, biofilm quantification in microtiter plates have been described to determine the amount of the bacterial attachment which provides an assessment of surface attach biomass (Djordjevic et al., 2002) . This is a highly effective method to study the bacterial attachment rate with the high throughput outcomes. Many assays have been designed to serve various purposes including crystal violet (CV) assay, Syto9 assay, resazurin assay, fluorescein diacetate (FDA) assay, XTT and dimethyl methylene blue (DMMB) assay. The assay can be classified into biofilm biomass assay (quantification on biofilm matrix, live and dead cells), viability assay (quantification on viable cells only) and matrix quantification assay (quantification on biofilm matrix only). These assays could be broadly applied to many microbial biofilms. Crystal violet dye can bind to negatively charged microbial surface molecules and EPS (Li et al., 2003; Stepanovic et al., 2004) . DNA of live and dead cells can be stained with Syto9 (Boulos et al. 1999) . In order to distinguish between live and dead cell the quantification based on the cell metabolic activity need to be performed including resazurin, fluorescein diacetate (FDA), XXT and dimethyl methylene blue (DMMB). Resazurin assay can be done based on the metabolic activity of the cell (O'Brien et al., 2000) . The active cells or live cells represent their capability to convert the non detectable signal to detectable signal in which some of the dye can be converted to fluorescence by the active cells or live cell. The signal can be quantified by measuring the absorbance using spectrophotometer.
GENETIC APPROACH TO STUDY BIOFILM
Many studies have been done to identify bacterial elements, genetic determinants and regulatory system that are necessary for biofilm development in order to understand the biofilm development in a whole. Genetic elements are required to control the bacterial transition through the developmental pathway in response to environmental cues. Simple genetic screens have been used by a number of groups (Genevaux et al., 1996; O'Toole and Kolter, 1998) . Transposon mutagenesis to generate mutants has been widely applied to study on the gene related to biofilm formation of the studied microbes. The microtiter plate made from polypropylene, polycarbonate plastic or borosilicate glass to serve as a substratum for biofilm formation under the static condition has been a high throughput technique for this approach (Pittsa, 2003) . However, the microtiter plate made of polyvinylchloride (PVC) is the most commonly used. The microscopic observation of PVC plate substratum shows initial attachment of monolayer cells, subsequent microcolonies formation, mature biofilm and detachment . Biofilm development in a microtiter plate can be visualized by staining the attached cells (crystal violet or other dyes as indicated in the above section). The biofilm formation can be quantified by measuring the absorbance of the dye with a spectrophotometer. In addition to the biofilm development study in microtiter plate, the 96 well microtiter plate has also been used as high throughput screens of many thousand randomly generated mutants that usually are created by transposon mutagenesis (Figure 4) . The mutation at the gene essential for the bacterial attachment causes the deficiency in the bacterial attachment on the surface which develops the low intensity staining of dye and the gene can be identified based on molecular technique.
Conclusion
Based on the earlier studies, biofilm formation can be considered as a well regulated developmental process that leads to the formation of complex cell communities in response to the environmental signals. Biofilm formation is still be a broad and complex phenotype. Many biofilm traits have been developed differently in response to different environmental cues in which control by genetic networks. Therefore, there is no mechanistic basis on any one particular biofilm trait to make a conclusion on biofilm developmental phenomena as a whole. Biofilm represents its benefits and deleterious effects in the industries. Understanding the biofilm developmental process probably paves the way to eliminate spoilage or foodborne pathogenic biofilm from food industries or facilitate the useful microbial biofilm to efficiently develop in biofilm reactors in order to improve the productivity in bioprocess.
